ABSTRACT: The computational efficiency of approximate quantum mechanical methods allows their use for the construction of multidimensional reaction free energy profiles. It has recently been demonstrated that quantum models based on the neglect of diatomic differential overlap (NNDO) approximation have difficulty modeling deoxyribose and ribose sugar ring puckers and thus limit their predictive value in the study of RNA and DNA systems. A method has been introduced in our previous work to improve the description of the sugar puckering conformational landscape that uses a multidimensional B-spline correction map (BMAP correction) for systems involving intrinsically coupled torsion angles. This method greatly improved the adiabatic potential energy surface profiles of DNA and RNA sugar rings relative to high-level ab initio methods even for highly problematic NDDO-based models. In the present work, a BMAP correction is developed, implemented, and tested in molecular dynamics simulations using the AM1/d-PhoT semiempirical Hamiltonian for biological phosphoryl transfer reactions. Results are presented for gas-phase adiabatic potential energy surfaces of RNA transesterification model reactions and condensed-phase QM/MM free energy surfaces for nonenzymatic and RNase A-catalyzed transesterification reactions. The results show that the BMAP correction is stable, efficient, and leads to improvement in both the potential energy and free energy profiles for the reactions studied, as compared with ab initio and experimental reference data. Exploration of the effect of the size of the quantum mechanical region indicates the best agreement with experimental reaction barriers occurs when the full CpA dinucleotide substrate is treated quantum mechanically with the sugar pucker correction.
■ INTRODUCTION
Sugar rings are important components of carbohydrates and nucleic acids. 1, 2 The ribose five-membered ring in RNA forms a key structural link between the phosphate backbone and nucleobase, 3 and it can adopt several characteristic conformational states (sugar puckering modes) that can influence the structure and function of nucleic acids. 4−8 Considerable effort has been devoted to the study of sugar ring conformation energy profiles with molecular simulations and quantum mechanical methods, including approximate density-functional and semiempirical models. 9−14 Torsion angle rotational barriers are particularly problematic for semiempirical methods based on the neglect of diatomic differential overlap (NDDO) approximation. 14−17 Very recently, we performed a computational study of sugar pucker potential energy surfaces, and we introduced a nonelectronic correction to semiempirical models to improve their quality with respect to MP2 results. 16 Sugar pucker corrections were implemented using a multidimensional B-spline correction method 16 (BMAP correction) for coupling the torsion angle energy terms. The BMAP correction has the advantage of being robust with respect to data noise. It has simple and efficient analytic derivatives, and it can be more easily extended to higher dimensions than methods based on cubic spline interpolation. 18−22 The BMAP correction strategy has been adopted by others, who have successfully extended it to improve sugar pucker profiles in the nicotinamide ribonucleoside.
14 Recent orthogonalization-corrected semiempirical methods also have the potential to provide good treatment to sugar ring conformations. 23 In the present work, BMAP-corrected semiempirical methods, particularly AM1/d-PhoT, 24 are applied to the cytidilyl-3′,5′-adenosine (CpA) RNA transesterification reaction in solution 17,25−28 and in the presence of the RNase A protein enzyme. 29−32 First, we compare ab initio and semiempirical quantum mechanical (QM) Hamiltonians by examining two-dimensional (2D) gas-phase potential energy surfaces (PESs) of a minimal model reaction of CpA. These comparisons are made with and without the inclusion of the BMAP correction to the AM1/d-PhoT 24 and DFTB3−3ob/ OPhyd semiempirical models. 16, 24, 33 Second, one-dimensional (1D) potential of mean force (PMF) profiles of the CpA RNA transesterification reaction are computed in solution using hybrid quantum mechanical/molecular mechanical (QM/MM) AM1/d-PhoT simulations, both with and without the BMAPcorrection. Third, 2D PMF QM/MM profiles of the CpA RNA transphosphorylation reaction is computed in the presence of the RNase A protein enzyme. We perform the 1D and 2D PMFs multiple times using different definitions of the QM region to explore the sensitivity of the reaction profiles to this choice. Furthermore, we monitor the distribution of CpA sugar puckers with the AMBER FF10 force field and compare those distributions to QM/MM simulations performed with and without the BMAP correction.
The AM1/d-PhoT QM/MM simulations with the BMAP correction are found to more closely resemble the sugar pucker distributions observed in MM simulations, and the BMAP correction improves the reaction barriers in comparison to ab initio QM results. These results demonstrate that the BMAP sugar pucker correction will be useful in the study of RNA systems in condensed phase using QM/MM simulations with semiempirical QM methods. Figure 1 displays the three systems examined in the present work, and Figure 2 illustrates the QM regions used in the QM/ MM simulations. Figure 1a is the minimal model reaction used to construct 2D gas-phase adiabatic potential energy surfaces. Specifically, this reaction involves the departure of ethoxide (EthO) leaving group from a 2′,3′-cyclic sugar phosphate (SP), and we refer to this reaction by "EthO···SP". Figure 1b is the CpA RNA used to produce QM/MM 1D PMFs of the transesterification reaction in solution. The 1D PMFs are recomputed using the CpA_TQM (truncated QM) and CpA_FQM (full QM) QM regions shown in Figure 2 . Figure  1c is the CpA in the presence of the RNase A protein enzyme used when generating 2D PMFs. The 2D PMFs are recomputed using the RNaseA_TQM and RNaseA_FQM QM regions shown in Figure 2 .
■ COMPUTATIONAL METHODS
All simulations and semiempirical calculations were performed with a development version of the AMBER14 software package, 34 and all ab initio QM calculations were performed with the Gaussian 09 program. 35 The PMF surfaces were computed from the umbrella window simulations using the variational free energy perturbation (vFEP) method. 36, 37 Unlike the weighted histogram analysis method, vFEP does not require significant overlap of the probability density between adjacent umbrella window simulations to achieve smooth and robust PMFs. We have, nevertheless, included demonstrations in the Supporting Information emphasizing that we do, in fact, achieve significant overlap between our simulations. 2D Potential Energy Surfaces of the Minimal Model Reaction. Figure 3 compares the 2D gas-phase adiabatic PESs of the EthO···SP minimal model reaction between various ab initio and semiempirical QM models. The coordinates are the forming (P−O2′) and breaking (P−O5′) bond lengths, and the isocontour values are kcal/mol. The black dots are stationary points. The MP2, M062X, and B3LYP ab initio results were geometry optimized with the 6-31++G(d,p) basis, and the energy was refined using the 6-311++G(3df,2p) basis. AM1/d and DFTB3-OP refer to the AM1/d-PhoT 24 and DFTB3-3ob/ OPhyd 33 semiempirical Hamiltonians, respectively. AM1/d +E corr and DFTB3-OP+E corr denote the use of the BMAP sugar pucker correction. The white lines appearing in Figure 3 are nudged elastic band 38 (NEB) minimum energy pathways optimized on the 2D surface. The structure of each transition state (TS) is shown above each PES, and the sugar's pseudorotation phase angle P θ and amplitude A r are shown in parentheses.
The nomenclature for describing pseudorotation is illustrated in Figure 4 . In brief, the pseudorotation phase angle P θ and amplitude A r are related to the proper torsions of the sugar ν. These two values can be interpreted as a pair of polar coordinates (A r ,P θ ) defining the precise location of the sugar pucker within the pseudorotation wheel. Alternatively, the location can be equivalently described using a set of Cartesian coordinates (Z x ,Z y ). 16 To generate the BMAP corrections used in the AM1/d+E corr and DFTB3-OP+E corr models, we computed the 2D adiabatic potential energy sugar pucker profile of the abasic ribonucleoside rH (the ribonucleoside with an abasic site, i.e., the nucleobase replaced by a hydrogen atom) using MP2/6-311+ +G(3df,2p)//MP2/6-31++G(d,p) and the uncorrected semi- empirical models. The BMAP correction is the energy dif ference between the MP2 and semiempirical model rH profiles. Table 1 lists several properties for the EthO···SP reaction stationary points, including the pucker parameters P θ and A r (deg); sugar ring pseudorotation names (PN); forming (R2) P−O2′ and breaking (R5) P−O5′ bond lengths (Å); Gibbs free energies G (kcal/mol) and entropy contributions T·S (kcal/ mol) from normal-mode analysis; the potential energy reaction barriers ΔE (kcal/mol); and the free energy barriers ΔG (kcal/ mol), where MIN and TS denote the reactant state and ratelimiting transition state, respectively.
1D Free Energy Profiles of RNA Transesterification Model Reaction. The QM/MM PMF profiles of the CpA transesterification reaction in solution are shown in Figure 5 . The CpA RNA ( Figure 1b ) was solvated in a 45.6 Å cubic box with 3021 TIP4P-Ew water molecules. 39 The net 2− charge was neutralized by adding 10 Na + and 8 Cl − ions to achieve the physiological ion concentration of 0.14 M. Umbrella window sampling was performed to scan the approximate phosphoryl transfer reaction coordinate R5−R2, where R5 and R2 denote the breaking bond P−O5′ and forming bond P−O2′, respectively, using a harmonic potential force constant of 100 kcal mol −1 A −2 at 96 evenly spaced distances ranging from −3.0 to 1.7 Å. Each window was equilibrated for 50 ps at constant pressure (1 bar) and temperature (300 K) before running 500 ps NVT production. Further technical details, including thermostat and particle mesh Ewald settings, are supplied in the Supporting Information.
Three sets of umbrella window simulations were performed. The "CpA_TQM, AM1/d" and "CpA_FQM, AM1/d" simulations are both evaluated with the AM1/d-PhoT semiempirical Hamiltonian, but they use different QM regions. TQM and FQM refer to the "truncated" and "full" QM regions illustrated in Figure 2 . The histidines appearing in Figure 2 are RNase A residues. Those residues are not present when simulating the CpA in solution. The "CpA_FQM, AM1/d +E corr " simulations include the BMAP sugar pucker correction. The MM region is evaluated with the AMBER FF10 force field 40 and TIP4P-Ew waters.
39 Table 2 contains time-averaged values of key structural information from the simulations of the reactant (MIN) and transition state (TS) structures, including relevant bond lengths and the cytidine sugar ring pseudorotation parameters. Figure 6 overlays the coordinates of 10 transition state structures chosen randomly from the last 50 ps of simulation. Figure 7 compares the sampling and probability distributions of the cytidine sugar ring P θ and A r pseudorotation parameters between the three simulations. The corresponding figure for the adenine sugar ring is provided in the Supporting Information ( Figure S1 ).
Simulations of CpA Catalyzed by RNase A. Molecular Dynamics Simulations of the Reactant State. It is of interest to ascertain whether the BMAP correction improves the AM1/ d-PhoT description of sugar puckering in a large, enzymatic chosen to use the same starting phase angle as the convention (P θ ( 2 3 T) = 0°). 3 The pseudorotation names are shown along the wheel for Exo ( n E), Endo ( n E), and Twist ( n m T, n T m , and n T m ) conformations, where m and n denotes the O4′, C1′, C2′, C3′, and C4′ atoms in respective order; the superscript/subscript position stands for the atom above/ below the ideal flat five-membered ring; the atom n on the left side of T has larger displacement from the ideal flat ring than the atom m on the right side. environment. To this end, we have performed AM1/d-PhoT QM/MM simulations of the CpA reactant state when it is complexed to the RNase A protein (Figure 1c) . The QM/MM simulations are performed with and without the BMAP correction, and we monitored the C5 sugar ring pseudorotation parameters. The resulting distributions of pseudorotation parameters are compared to those obtained from pure MM simulations (Figure 8) . Mean values and standard deviations of the C5 sugar ring pseudorotation parameters are listed in Table  3 . An analogous comparison of the A3 sugar ring pseudorotation distributions is provided in the Supporting Information ( Figure S4 ).
The QM/MM simulations used the RNaseA_TQM QM region shown in Figure 2 and the MM region was evaluated with the AMBER FF10 force field 40 and TIP4P-Ew waters. 39 We began by preparing the system from the experimental crystallographic structure 41 (PDBID: 1RPG) by adding 23,940 TIP4P-Ew waters and balancing the 4+ net charge with 66 Na + and 70 Cl − ions to reach a 0.14 M physiological ion concentration. The system was equilibrated with the AMBER FF10 force field 40 for 12 ns at constant pressure (1 bar) and temperature (300 K) and was followed by 100 ns of MM production at constant volume and temperature (300 K); the last 75 ns of which was used for analyzing the sugar ring pseudorotation distributions.
The QM/MM simulations were performed by extracting 23 randomly selected frames from the last 1 ns of MM production. Each of the extracted frames was chosen as a starting point for a QM/MM simulation. Each of these QM/MM simulations was re-equilibrated for 50 ps at constant pressure and temperature, followed by 1.2 ns of NVT production. The 23 trajectories are concatenated and subsequently analyzed. Further technical details, including a description of the system preparation from the crystallographic structure, can be found in the Supporting Information.
2D Free Energy Profiles of Catalyzed Transphosphorylation. The QM/MM 2D PMF profiles of the CpA transesterification reaction in the RNase A enzymatic environment are shown in Figure 9 . The preparation and initial MM equilibration of the RNase A system (Figure 1c) are described in the preceding section. Specifically, the final coordinates of the reactant state MM production are used to initiate the QM/ MM umbrella window simulations. The two coordinates defining the PMF surface are the general acid (R GA = R N119−H −R O5′−H ) and phosphoryl transfer (R PT = R P−O5′ − R P−O2′ ) coordinates. 42−44 Each 2D PMF is produced from the analysis of 528 umbrella window simulations that scan the umbrella window coordinates from −2.2 to 2.2 Å in steps of 0.2 Å. The harmonic force constant was set to 100 kcal mol −1 Å −2 , and each window was re-equilibrated with QM/MM for 50 ps at constant pressure (1 bar) and temperature (300 K). Production statistics were then taken from 800 ps of NVT sampling. Analogous sets of 2D PMFs involving the general base (R GB = R O2′−H −R N12−H ) and phosphoryl transfer coordinates can be found in the Supporting Information. The Supporting Information also includes additional technical details, including the description of "histogram tests" 45 used to validate the chosen reaction coordinates.
Three sets of umbrella window simulations were performed. The "RNaseA_TQM AM1/d" and "RNaseA_FQM AM1/d" simulations are both evaluated with the AM1/d-PhoT semiempirical Hamiltonian, but they use different QM regions. TQM and FQM refer to the "truncated" and "full" QM regions illustrated in Figure 2 . The histidines shown in Figure 2 are RNase A residues, and they are included in both QM regions. The "RNaseA_FQM AM1/d+E corr " simulations include the BMAP sugar pucker correction.
The black dots appearing in Figure 9 are stationary points on the 2D PMF surface. The red and blue lines are minimum free Gibbs free energies G were relative values with respect to adiabatic potential energies of the reactant. energy pathways connecting the reactant and product states, as determined from NEB optimization on the 2D PMF surface. The red and blue lines in the 1D plots within Figure 9 are merely the projections of the 2D PMF along the corresponding NEB paths. "LowR" and "UpL" are abbreviations for the "lower right" and "upper left" NEB paths, respectively. Table 2 contains time-averaged values of key structural information from the simulations of the reactant (MIN) and the two transition state (TS) structures, including relevant bond lengths and the cytidine sugar ring pseudorotation parameters.
■ RESULTS AND DISCUSSION
RNA Transesterification Minimal Model (EthO···SP) in the Gas Phase. The 2D gas-phase adiabatic potential energy surfaces and late transition state structures for the minimal EthO···SP nonenzymatic RNA transesterification reaction model are shown in Figure 3 for several ab initio and semiempirical quantum models. Close barriers are observed in the ab initio potential energy profiles. The late transition state is characterized by a longer breaking bond R5 and a shorter forming bond R2 as listed in Table 1 , characteristic of an associative asynchronous mechanism for the model reaction. 17, 26, 27 The AM1/d profile is in close agreement with the MP2 and DFT results. The DFTB3-OP energy profiles are similar to the MP2 and DFT results but predict an associative stepwise mechanism with a metastable intermediate.
17 Figure 3 and Table 1 show that the semiempirical methods systematically predict similar sugar ring pseudorotation phase angles but smaller ring puckering amplitudes and reaction barriers than MP2. The AM1/d and DFTB3-OP adiabatic potential (free energy) barriers are less than MP2 by 3.30 (2.25) and 6.77 (5.80) kcal/mol, respectively. The corrected semiempirical models greatly improve sugar ring puckering amplitudes, which are in excellent agreement with MP2 results. The enhanced puckering amplitudes lead to better sugar ring conformations of stationary points and improved reaction barriers; the corrected AM1/d and DFTB3-OP adiabatic potential (free energy) barriers are less than MP2 by 0.63 (−0.12) and 3.86 (3.84) kcal/mol, respectively, which are in considerably better agreement with the MP2 results than the uncorrected potentials. 
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Article Nonenzymatic CpA Transesterification. The 1D free energy profiles of the nonenzymatic CpA transesterification reaction model ( Figure 5 ) show that simulations with truncated CpA as the QM region (CpA_TQM) predict a lower free energy barrier than simulations with full CpA (CpA_FQM) as the QM region by 5−7 kcal/mol, suggesting that the entire CpA may be required to be treated with QM to obtain accurate reaction free energy barriers. Table 2 shows that reaction free energy barriers predicted with AM1/d and AM1/d+E corr models for CpA_FQM system are 18.6 ± 0.4 and 20.7 ± 0.2 kcal/mol, respectively. The result indicates that the introduction of sugar pucker correction into the semiempirical AM1/d model increases reaction free energy barrier of CpA transesterification by 2.1 kcal/mol, which is in better agreement with the experimental value of 19.9 ± 0.02 kcal/mol. 46 CpA transesterification occurs via a concerted mechanism with a slightly late TS as shown in Figure 5 . 26, 27 Figure 7 and Table 2 show that the corrected semiempirical AM1/d method greatly enhances sugar ring conformations of the reactant (MIN) and transition state (TS). The regular AM1/d method predicts small puckering amplitudes (less than 20°) and large standard deviations (more than 40°) for pseudorotation phase angles of cytidine sugar rings due to almost flat sugar rings ( Figure 6 ). The sugar rings modeled by AM1/d for CpA_TQM and AM1/d+E corr for CpA_FQM have qualitatively correct puckered conformations as shown in Figures 7 and 6 , the former correctly predicting slightly smaller puckering amplitudes and larger standard deviations of the pseudorotation phase angle. Catalyzed Transphosphorylation. Figure 9 shows that each 2D free energy landscape of RNase A transphosphorylation has two minima, the lower-left reactant (MIN) and the upper-right product, which are connected by two possible reaction paths, the upper-left path (UpL) and the lower-right one (LowR), respectively. The UpL profile describes a path where phosphoryl transfer first advances and proton transfer from the general acid is late. Alternatively, the LowR profile describes a path where proton transfer occurs first, followed by phosphoryl transfer.
1D projections of two reaction paths in the 2D free energy landscapes in Figure 9 show that different QM truncation schemes lead to different favored reaction paths/mechanisms.
Simulations with RNaseA_TQM truncation predict that the UpL and LowR paths have similar barriers, with LowR slightly lower, whereas the RNaseA_FQM simulations, with and without sugar pucker correction, indicate the UpL pathways to be considerably more favorable. Previous experimental and theoretical studies support the UpL mechanism, 30, 47, 48 suggesting that the results with full QM treatment of the dinucleotide CpA are important.
Although the simulations with RNaseA_FQM described by AM1/d model can correctly predict the reaction path, sugar ring conformations are poor, as shown in Figure 10 , and are significantly improved with the AM1/d+E corr model. Figure 9 shows that simulations with RNaseA_FQM as the QM region described by both AM1/d and AM1/d+E corr predict the experimentally supported mechanism, but AM1/d+E corr predicts a lower free energy barrier (17.7 kcal/mol) than AM1/d by 3 kcal/mol and is in better agreement with the value estimated from experiment of 13.2 kcal/mol. 49, 50 The decrease in the free energy barrier with AM1/d+E corr can be attributed to the structural change of the reactant, which gets closer in structure to the TS as shown in Figure 2 and Table 2 due to the improved sugar puckering. The AM1/d+E corr method predicts larger puckering amplitude of the C5 sugar ring and a shorter P−O2′ bond. 
■ CONCLUSIONS
Recent studies have shown that conventional uncorrected semiempirical quantum mechanical methods fail to adequately describe the DNA and RNA sugar puckers, which play a significant role in nucleic acid structure and function and can influence their interactions with proteins. In this work, a BMAP correction term is used that leads to significant improvement in the proper modeling of sugar ring. This correction was further applied to study RNA transesterification reaction models including RNase A catalysis and was demonstrated to provide considerably improved behavior and predictions. The BMAP corrections are shown to improve prediction of the QM/MM free energy barriers of both nonenzymatic and enzymatic transesterification reactions. The simulations of CpA transesterification in both nonenzymatic and enzymatic environments underscore the sensitivity of results to the size of the QM region and in some cases may require consideration of the entire (CpA) dinucleotide for the best results with these QM models. These results demonstrate that the sugar pucker correction is useful for QM/MM simulations of RNA with semiempirical quantum mechanical methods. 
